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In  many  terrestrial  ecosystems,  soil  parameters  usually  regulate  the  distribution  of  earthworm  commu-
nities. In  alluvial  ecosystems,  few  studies  have  investigated  the  impact  of  periodic  ﬂoods  and  alluvium
deposition  on  soil  fauna.  In this  context,  we assumed  that  earthworm  communities  may  vary  depen-
ding  on altitude  (alpine,  subalpine,  mountain  and hill levels),  forest  successional  stage  (post-pioneer  to
mature  forests)  and  some  soil  parameters.  Our results  demonstrated  that  the  composition  of earthworm
communities  differed  depending  on  altitudinal  gradients.  No  earthworm  was  found  at  the  alpine level
while maximum  density  and  biomass  were  observed  at  the  hill  level  mainly  due to the  contribution  of
anecic  species.  A total  of 27  species  and  subspecies  were  found  over  the three  sampling  sites,  and  Lum-
bricus moliboeus  was  discovered  for the ﬁrst time  in  carbonated  soils.  Soil  texture  had  a major  effect  on
epigeics  that  were  often  associated  with  coarse  sandy  texture  in  contrast  to anecics  which  preferred  deep
soils and  mature  forest  stages,  which  in combination  provided  the  highest  carbon  content  and  the ﬁnest
soil  texture.  In our study,  carbonated  fluviosols  (Fluvisols  according  to the  World  Reference  Base)  were
recorded; fluviosols  typiques  with  well-structured  A  layers  were generally  found  in  mature  or  inter-
mediate  forest  stages  while  most  of fluviosols  juveniles  with  heterogeneous  texture  were  observed
principally  in post-pioneer  forests.  We  conclude  that in alluvial  ecosystems,  earthworm  communities
were  highly  dependent  ﬁrst  on  soil  parameters,  then  altitude  and  to a lesser  extent  forest  successional
stages.  Changes  in  earthworm  communities  tend  to reﬂect  a gradient  of  alluvial  dynamics  thus  reinforc-
ing  the  potential  role  of  earthworms  as  bioindicators  in natural  and/or  semi  natural  alluvial  ecosystems.ntroduction
Earthworms modify their environment by changing the dis-
ribution of materials and energy transfer in soil food webs that
onsequently induce the creation and/or destruction of habitats
edicated to subordinate species (Jones et al. 1997; Wright et al.
004). In many terrestrial ecosystems, earthworms are considered
s major ecosystem engineers (Edwards and Bohlen 1996; Lavelle
t al. 1997). Through bioturbation, such as burrowing, casting
nd mixing of organic material and mineral particles, earthworms
nﬂuence both soil physical (soil structure, water inﬁltration) andPlease cite this article in press as: Salomé, C., et al., Earthworm comm
and soil parameters. Pedobiologia - Int. J. Soil Biol. (2011), doi:10.1016
iological properties (organic matter decay, microbial activities)
Lee 1985; Edwards and Bohlen 1996). In turn, soil parameters have
ome inﬂuence on the distribution of earthworm communities. It
∗ Corresponding author. Tel.: +41 327182365.
E-mail address: claire.lebayon@unine.ch (R.-C. Le Bayon).
031-4056/$ – see front matter © 2011 Elsevier GmbH. All rights reserved.
oi:10.1016/j.pedobi.2011.09.012©  2011  Elsevier  GmbH.  All  rights  reserved.
is indeed soil texture combined with vegetation types, food sup-
ply and pH values that largely determine earthworm densities in
natural (i.e. uncontaminated) environments (Lavelle 1988; Ammer
et al. 2006; Lapied et al. 2009).
In ﬂoodplain environments, soils exhibit more complex charac-
teristics. They are regularly ﬂooded by surface- or ground-waters,
which sometimes leads to occasional or temporary waterlogging of
soils. Also, depending on the position of soil in the landscape, dis-
charge ﬂuctuations, frequency and intensity of ﬂooding events as
well as organic matter supply, can cause variation in soil physico-
chemical composition, leading to a wide diversity of soil layers and
soil types. fluviosols (Baize and Girard 2009) or Fluvisols (IUSS
Working Group WRB  2006) represent some of the soils that are
usually found in these ecosystems.unities in alluvial forests: Inﬂuence of altitude, vegetation stages
/j.pedobi.2011.09.012
So far, few studies have investigated the impact of periodic
ﬂoods and the variations of alluvium depositions on earthworm
communities. Mather and Christensen (1988) assumed that, in
ﬂooded soils, earthworms’ main physical stress could be due to
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he degree to which soil conditions are anaerobic. Some authors
oncluded that both earthworm biomass and earthworm diversity
re signiﬁcantly lower in ﬂooded soils than in non-ﬂooded ones
Pizl 1999; Ausden et al. 2001; Plum 2005; Ivask et al. 2007). How-
ver, Schütz et al. (2008) found higher numbers and biomass in
ooded soils in systems used for drinking water production. Zorn
t al. (2005) showed that earthworm populations ﬂuctuate tempo-
ally, depending on ﬂooding dynamics; moreover, they highlighted
he species-speciﬁc response of earthworm population. In these
ystems, cocoons that are able to survive ﬂooding events as well as
ctive dispersion of earthworms are essential to ensure communi-
ies’ survival.
In previous citations (Ausden et al. 2001; Zorn et al. 2005; Ivask
t al. 2007), studies mainly focused on ﬂooded grasslands situated
elow 200 m above sea level. In the past, rivers were embanked for
and-use purposes and ﬂoodplains are thus usually characterised
y permanent pastures or agricultural ﬁelds. By contrast, natural
oodplains usually abound in forests revealing a gradient of veg-
tation from softwood to hardwood that provide a heterogeneous
andscape as well as a large diversity of biological habitats (Petts
nd Amoros 1996; Ward et al. 2002). Research in these ﬂoodplain
cosystems has mainly focused on riparian vegetation biodiversity,
uccession and productivity (Schnitzler-Lenoble 2007) but also onPlease cite this article in press as: Salomé, C., et al., Earthworm comm
and soil parameters. Pedobiologia - Int. J. Soil Biol. (2011), doi:10.1016
mphibians’ biodiversity (Tockner et al. 2006), birds (McGinness
t al. 2010) and mammals (Williams et al. 2001). Invertebrates and
enthic fauna were also described (Korte et al. 2010).
able 1
eneral characteristics of the four study sites and soils associated. Site characteristics: m
alculated over a period of minimum 30 years.
Level (altitude: m
above sea level)
Alpine (2300 m)
Site characteristics Location 46◦23′43N, 7◦35′21E 
Channel pattern type
(Rust 1978 in Petts and
Amoros 1996)
Pro-glacial margin 
Mean ﬂow (m3 s−1) Data not available 
Mean  annual temperature
(◦C) and precipitations (mm)
T = 0 ◦C 
P  = 1188 mm 
Forest  stages (Forests
according to Gallandat
et al. 1993)
Pioneer vegetation:
(Epilobium ﬂeischeri,
Saxifraga sp.)
General soil
parameters
Total soil depth (cm) 10 ± 12 (0–24) 
Depth of ﬁrst
appearance of
hydromorphic features
(cm)
No hydromorphic
features
Alluvial dynamic index 6 ± 7 (1–15) 
Corg stock (kg m−2 to
30 cm depth)
0.04 ± 0.04 
C/N  ratio 9.7 ± 3.4 (6.4–14.7) 
Total  CaCO3 (g kg−1) 553 ± 34 (510–604) 
Soil  types by forest
stages (according to
Baize and Girard 2009)
fluviosols bruts 
ource: http://www.bafu.admin.ch/schutzgebiete-inventare/07839/index.html?lang=de.
oil parameters: total depth (cm), depth of ﬁrst appearance of hydromorphic features (c
hole  soil proﬁle), total CaCO3 (g kg−1) and soil classiﬁcation according to forest stages (B
nd  maximal values into brackets. PRESS
ia xxx (2011) xxx–xxx
Switzerland’s land-planning regulation has accounted for the
ecological value of such ﬂoodplains for a number of years and has
therefore inventoried those 227 alluvial zones and pro-glacial areas
of national importance (Kuhn and Amiet 1988). These zones were
mapped using vegetation types as units (Gallandat et al. 1993).
However, relatively few studies have been conducted on terrestrial
invertebrates such as earthworms (Guenat et al. 1999; Bullinger-
Weber et al. 2007).
The mosaic of soil texture and vegetation, as well as the ﬂuctua-
tions of the ﬂuvial dynamics, causes wide ecosystem heterogeneity
where earthworm communities are expected to vary. In this con-
text, the present study focused on natural alluvial ecosystems with
respect to three potential inﬂuences: (i) altitude, (ii) forest succes-
sional stage and (iii) soil characteristics, assuming that earthworm
communities (ecological groups, species, abundance, and biomass)
and their spatial distribution may  vary depending on altitudinal
level (alpine, subalpine, mountain and hill levels), forest stages
(post-pioneer to mature forests) and some soil parameters.
Materials and methods
Site descriptionsunities in alluvial forests: Inﬂuence of altitude, vegetation stages
/j.pedobi.2011.09.012
For this study, four ﬂoodplains were chosen. The sites were
located at four different altitudes (alpine, subalpine, mountain and
hill levels) and all of them originated from calcareous alluvial
ean ﬂow (m3 s−1), mean annual temperature (◦C) and precipitations (mm) were
Subalpine (1370 m)  Mountain (750 m)  Hill (350 m)
46◦28′01N, 7◦39′47E 46◦32′N,7◦04′E 47◦28′N,8◦10′E
Braided river Braided river Meandering river
Mean: 2.1 Mean: 23.3 Mean: 316
T = 5.4 ◦C T = 6.5 ◦C T = 8.8 ◦C
P = 1180 mm P = 1250 mm P = 1060 mm
Post-pioneer: bushes of
Salix eleagnos
Post-pioneer: forests of
Salix eleagnos
Post-pioneer: forests of
Salix alba
Intermediate: forests of
Alnus incana
Intermediate: forests of
Alnus incana
Intermediate: forests of
Alnus incana
Mature: old forests of
Alnus incana
Mature: alder and ash
(Fraxinus excelsior)
riparian transition
forests
Mature: alder and ash
(Fraxinus excelsior)
riparian transition
forests
30.7 ± 20.3 (3–57) 43.0 ± 16.8 (24–73) 113.8 ± 10.8 (90 to
≥120)
11.3 ± 9.7 (1–44) No hydromorphic
features
67.7 ± 25.5 (8–90)
3.6 ± 1.6 (1–7) 3.3 ± 1.1 (2–5) 2.3 ± 0.7 (1–4)
3.7 ± 2.9 (0.1–9.9) 5.6 ± 2.0 (2.1–8.6) 5.2 ± 1.7 (2.1–7.2)
16.7 ± 4.3 (13.5–22.9) 13.9 ± 1.4 (12.3–16.9) 12.8 ± 1.6 (11.1–17.6)
448 ± 78 (250–608) 535 ± 129 (343–722) 206 ± 12 (174–230)
Post-pioneer stage:
fluviosols juveniles
redoxisol ﬂuvique
Post-pioneer stage:
fluviosols juveniles
Post-pioneer stage:
fluviosols juveniles,
fluviosols typiques
Intermediate stage:
fluviosols bruts
fluviosols juveniles
Intermediate stage:
fluviosols typiques
Intermediate stage:
fluviosols juveniles
fluviosols typiques
Mature stage:
fluviosols juveniles
fluviosols typiques
Mature stage:
fluviosols typiques
Mature stage:
fluviosols juveniles
fluviosols typiques
m), alluvial dynamic index, Corg stocks (kg m−2 to 30 cm depth), C/N ratio (for the
aize and Jabiol 2009). Mean ± standard deviation are indicated as well as minimal
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eposits. They have been subject to minimal human impact and
xhibit natural hydrological dynamics where deposition and ero-
ion processes still occur. General characteristics of these sites are
iven in Table 1.
xperimental design
Based on vegetation maps, and except for the alpine areas
here only pioneer vegetation was observed, three forests stages
ere distinguished inside each site: post-pioneer, intermediate and
ature (see Table 1 for more details on these forests; Gallandat et al.
993). The number of samples selected for each site depended on
he presence of these vegetation stages, therefore, leading to an
nbalanced design. Thus, three plots were sampled at the alpine
evel. At the subalpine level, three, six and six plots were sampled
n post-pioneer, intermediate and mature stages, respectively. At
he mountain level, ﬁve plots were sampled in post-pioneer, three
n intermediate and four in mature stages. Finally, at the hill level,
ix plots were sampled in each forest stage. In every case, sampling
lots were separated by at least 20 m to avoid any neighbour effect.
 total of 48 plots (3, 15, 12 and 18 at alpine, subalpine, mountain
nd hill levels, respectively) were sampled.
oil sampling and physicochemical analyses
For each of the 48 plots, a soil proﬁle and the corresponding
umus form were described (total depth, number of successive
lluvium deposits in the ﬁrst 30 cm,  appearance of hydromor-
hic features) and classiﬁed according to the International Soil
axonomy of the IUSS Working Group WRB  (2006).  Moreover,
he Baize and Girard (2009) classiﬁcation was used for a more
etailed and genetic approach to the alluvial soils (four references
nstead of one). Soil layers from the ﬁrst 30 cm were collected
nd analysed in the laboratory. Organic carbon (Corg), total nitro-
en (Ntot), total CaCO3, and particle size distribution (modiﬁed
obinson pipette method) were determined according to Carter
nd Gregorich (2007).  For this latter parameter, different textural
ayers were observed within the ﬁrst 30 cm for most of the soils,
hus choosing one reference layer that would characterise topsoil
as not possible. As a consequence, particle size distribution was
eferred to a granulometric class according to the textural triangle
U.S.D.A.) for each soil layer. The different textural classes repre-
ented, therefore, the textural variables for which relative thickness
f layers by proﬁle was attributed. To calculate stocks of Corg, bulk
ensity of soil layers (3 replicates) was estimated by weighing dry
oil, sieved at 5 mm,  in a standard volume.
arthworm sampling
Earthworms were collected using the standard mustard extrac-
ion (Lawrence and Bowers 2002) in three replicates of 1 m2 plots
ear each soil proﬁle. Earthworms were immediately stored in
ormaldehyde 4% (v/v). The “hand sorting” method was  also done
s a complement to ensure that no earthworm remained in the soil
fter chemical extraction. In the middle of the square meter plots
ampled, a cube (20 cm × 20 cm × 20 cm)  was extracted and care-
ully hand sorted: all earthworms were collected and also stored
n formaldehyde 4% (v/v). Data were then combined with those
f the mustard extraction using a multiplying factor of 25. This
ampling was performed twice a year at the end of spring and
utumn 2008 in order to obtain an accurate estimate of the entire
arthworm community. These data were then pooled for statis-Please cite this article in press as: Salomé, C., et al., Earthworm comm
and soil parameters. Pedobiologia - Int. J. Soil Biol. (2011), doi:10.1016
ical analyses. Earthworms were identiﬁed at least to the species
evel (Bouché 1972; Sims and Gerard 1999) and named accord-
ng to Blakemore’s list (2007) before being classiﬁed according
o ecological categories (Bouché 1977). Each adult and sub-adult PRESS
ia xxx (2011) xxx–xxx 3
were counted and weighed. Unidentiﬁed juveniles were attached
to species level using a pro rata distribution according to adult and
sub-adult proportions.
Statistical analyses
The effect of altitude on earthworm abundance, biomass and
ecological categories was  tested using a nested ANOVA for which
altitude was the principal factor and forest stage the subordinate
one. The absence of earthworms at the alpine level permitted this
statistical analysis. The effect of forest stage within each site was
tested with one way ANOVAs. Tukey’s HSD post hoc tests were per-
formed when ANOVAs were signiﬁcant. When necessary, data were
square root transformed to respect the conditions for normality and
the homogeneity of variance. To study the relative importance of
the three factors (altitude, forest stage and soil parameters) inﬂu-
encing earthworm communities, we ﬁrst performed a variation
partitioning analysis using a series of partial RDAs (Redundancy
Analysis) to display the variability explained by each data set. For
this analysis, three sets of explanatory variables were employed:
a soil matrix including physicochemical analyses, altitude and for-
est stage coded as dummy  variables. The Monte Carlo permutation
test was subsequently performed to test signiﬁcance of these par-
tial RDAs. Then, a RDA was  used for all the variables. The soil
matrix was  composed of soil depth, the depth where the ﬁrst
hydromorphic features appeared, the thickness of holorganic lay-
ers accumulated at the soil surface, Corg stocks, textural classes with
the relative thickness of each layer and an alluvial dynamic index
(number of successive alluvium deposits in the ﬁrst 30 cm). The
species abundance matrix was  Hellinger-transformed (Legendre
and Gallagher 2001), subspecies were gathered at the species level
and species appearing in very few plots (called for the study “infre-
quent species”) were removed from the analysis.
All statistical treatments were performed with R software (R
Development Coreteam 2008) using vegan package for multivariate
analysis.
Results
Soils
All the soils, except one, were described as Fluvisols according to
the IUSS Working Group WRB  (2006).  Using the Baize and Girard
classiﬁcation (2009),  soils belong to three references that corre-
spond to three different stages of alluvial soil evolution (fluviosols
bruts, fluviosols juveniles, fluviosols typiques). Hydromorphic
features were infrequent and generally conﬁned within deep layers,
except for one soil (Stagnosol), at subalpine level, where hydro-
morphic spots appeared within the ﬁrst several centimetres. The
Stagnosol name corresponds to redoxisol ﬂuvique using the Baize
and Girard classiﬁcation (2009).  fluviosols bruts were the unique
reference at the alpine level and were only found in the interme-
diate forest stage of the subalpine level, while fluviosols juveniles
and fluviosols typiques were present from subalpine to hill levels.
Regarding humus forms, Mulls characterised all soil proﬁles at both
hill and mountain levels, whereas at the subalpine level, fluviosols
juveniles generally presented Mulls and fluviosols typiques
or fluviosols bruts had characteristics closer to Moders. Gener-
ally, within each altitudinal level, soils had very heterogeneous
physico-chemical characteristics.
Following the altitudinal gradient (from alpine to hill levels),unities in alluvial forests: Inﬂuence of altitude, vegetation stages
/j.pedobi.2011.09.012
soil depth increased to more than 120 cm (Table 2). The highest
alluvial dynamic index was found at the alpine level, and there
was a statistically insigniﬁcant decrease in this index with increas-
ing altitude. Considering soil organic matter, the highest Corg stock
ARTICLE IN PRESSG ModelPEDOBI-50298; No. of Pages 10
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Fig. 1. Mean abundances (left) and biomasses (right) of earthworms classiﬁed by ecological categories according to altitude and forest stages. PP, I and M are respectively
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Lost-pioneer, intermediate and mature forest stages. Error bars are standard devia
SD  post hoc tests for the nested ANOVA, and small letters a and b represent result
nd  abundance at each altitudinal level (see Table 3 for the F-values).
ariations were observed at the subalpine level. These stocks were
enerally very low compared to the other sites, while C/N ratios,
t the alpine level, were lower than those observed at other alti-
udes. These ratios slightly decreased from subalpine to hill levels
nd the highest variations were observed at the subalpine level.
t each altitudinal level (except alpine), layer texture belonged to
ve granulometric classes: silty loam, loamy, sandy loam, loamy
and, and sandy (Fig. 1). Mature forest soils were mainly charac-
erised by the ﬁnest texture whereas soils from post-pioneer andPlease cite this article in press as: Salomé, C., et al., Earthworm comm
and soil parameters. Pedobiologia - Int. J. Soil Biol. (2011), doi:10.1016
ntermediate forests showed a more heterogeneous texture (Fig. 1).
otal CaCO3 content was clearly associated with basic soil environ-
ents, and pH (in water) measurements done on organo-mineral
ayers showed values ranging from 7.43 to 8.28 (data not shown).
able 2
ist of taxa and frequencies of their presence in the different sampling plots.
Alpine N = 3 
Epigeic species
Dendrobaena octaedra (Savigny, 1826) –
Dendrodrilus rubidus rubidus (Savigny, 1826) – 
Dendrodrilus subrubicundus (Eisen, 1874) – 
Lumbricus meliboeus (Rosa, 1884) – 
Lumbricus rubellus (Hoffmeister, 1843) – 
Eisenia  andreia (Bouché, 1972) – 
Octodrilus argoviensisa (Bretscher, 1899) – 
Lumbricus castaneusa (Savigny, 1826) – 
Eiseniella tetraedra tetraedraa (Savigny, 1826) – 
Dendrobaena pygmea pygmeaa (Savigny, 1826) – 
Dendrobaena pygmea cognettia (Michaelsen, 1903) – 
Bimastos eisenia (Levinsen, 1884) – 
Anecic  species
Aporrectodea caliginosa nocturna (Evans, 1946) – 
Lumbricus terrestris (Linnaeus, 1758) – 
Aporrectodea longa ripicolaa (Bouché, 1972) – 
Aporrectodea l. ripicola viridisa (Bouché, 1972) – 
Aporrectodea longa longaa (Ude, 1885) – 
Aporrectodea giardi giardia (Ribaucourt, 1901) – 
Endogeic species
Allolobophora chlorotica chlorotica (Savigny, 1826) – 
Aporrectodea caliginosa caliginosa (Savigny, 1826) – 
Aporrectodea handlirschi handlirschi (Rosa, 1905) – 
Aporrectodea icterica icterica (Savigny, 1826) – 
Aporrectodea rosea rosea (Savigny, 1826) – 
Octolasion cyaneum (Savigny, 1826) – 
Octolasion tyrtaeum lacteum (Oerley, 1885) – 
Octolasion tyrtaeum tyrtaeum (Savigny, 1826) – 
Aporrectodea caliginosa alternitosaa (Bouché, 1972) – 
a Species considered as infrequent species in this study.of total biomasses and abundances. Letters A and B represent results from Tukey’s
 Tukey’s HSD tests for the one way ANOVAs comparing forest stages’ total biomass
Earthworm communities
A total of 27 species and subspecies were found in this study
(11, 20 and 19 at the subalpine, mountain and hill levels, respec-
tively) and no earthworm was recorded at the alpine level (Table 2).
Approximately 50% of the earthworms were considered as infre-
quent species because they were either represented by isolated
individuals or observed only in few soil proﬁles. These infrequent
species, belonging to all ecological categories, were collected at hillunities in alluvial forests: Inﬂuence of altitude, vegetation stages
/j.pedobi.2011.09.012
and mountain levels. Aporrectodea caliginosa caliginosa,  Aporrec-
todea rosea, Dendrobaena octaedra, Dendrodrilus rubidus, Lumbricus
rubellus and Octolasion tyrtaeum were widely recorded in the three
sites. However, the subspecies O. t. tyrtaeum was especially present
Number of sampling plots where species were collected
Subalpine N = 15 Mountain N = 12 Hill N = 18
15 9 13
3 1 7
7 2 4
10 – –
13 10 14
– – 1
– – 1
– – 1
– 1 2
– 1 –
– 1 –
– 1 –
– 6 18
– 11 13
– 3 –
– 2 –
– – 1
– – 2
– 4 2
5 9 17
9 – 1
– 3 6
7 9 12
4 1 –
11 12 11
11 1 4
– 3 –
 IN PRESSG ModelP
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t the subalpine level whereas subspecies O. t. lacteum was found
n all sites. Lumbricus moliboeus was the only abundant species
resent exclusively at the subalpine level. Aporrectodea caliginosa
octurna dominated the anecics at the hill level. Finally, no anecic
as found at the subalpine level.
Maximum earthworm biomass was found at the hill level in a
lot from mature forest for biomass (159 g m−2) while maximum
bundance was observed in intermediate forest at the same forest
tage (523 ind m−2). The lowest biomass (0.1 g m−2) and abun-
ance (1.3 ind m−2) were measured at the subalpine level in a soil
nder an intermediate successional stage. Signiﬁcant differences
etween altitudinal levels were found (Table 3 and Fig. 2) particu-
arly at the hill level, which presented higher total biomass and
bundance as well as higher biomass and abundance of anecics
ompared to mountain and subalpine levels. No clear trend was
bservable in comparing forest stages within each site (Fig. 2
nd Table 3). At the hill level, total biomass and abundance of
arthworms revealed no signiﬁcant differences between the dif-
erent forests; however, mean biomass and abundance of epigeics
ere higher in post-pioneer forests than in mature ones. At the
ountain level, total biomass and abundance in mature forests,
s well as abundance of earthworms in intermediate forests, were
igher than in post-pioneer ones. Anecic abundances were also si-
niﬁcantly higher in the mature forest. Endogeic abundance and
iomass were signiﬁcantly lower in the post-pioneer stage but
pigeic species were more numerous in this latter stage com-
ared to the mature one. Finally, at the subalpine level, earthworm
bundance in post-pioneer stage was signiﬁcantly higher than in
ntermediate one. Endogeic species were more numerous and their
iomass was higher in the post-pioneer and mature stages than in
he intermediate ones. Earthworm communities found under the
ame vegetation stages are very heterogeneous in terms of species
bundance and biomass as revealed by the high standard deviations
n Table 4.
ffects of altitude, forest stages on earthworm species
Variation partitioning analysis revealed that 49% of the species
bundance matrix was signiﬁcantly explained by studied variables
data not shown; Monte Carlo tests P < 0.01). The descriptors dis-
laying the highest part of explained variability were those of the
oil matrix. Globally, 47% of the species variation was attributed
o the soil data set. Altitude and forest stages explained 24.5% and
.8% of the variability, respectively. However, 22.5% of the varia-
ion explained by altitude was shared with soil data set due to the
orrelation between these two factors. In the same way, the 8.8% of
ariation explained by forest stage was shared with soil data set.
The RDA (Fig. 3) explained 64% of the species abundance matrix.
lobal analysis and the three ﬁrst axes (accounting respectively for
2.5%, 11.8% and 9.1%) were signiﬁcant. All variables were signif-
cant, except two textural ones (loamy sand and sandy loam) and
he intermediate forest stage.
Two groups have been drawn along the ﬁrst axis in Fig. 3a. On
he left side of the graph, the ﬁrst group was composed of deep soils
ith high Corg stocks and ﬁne texture (mainly deep fluviosols typ-
ques). A. nocturna and L. terrestris were highly correlated with soil
epth whereas A. rosea and A. icterica with Corg and texture. On the
ight side of the ﬁrst axis, soil parameters such as alluvial dynamic
ndex, thickness of holorganic layers and coarse texture explained
he presence of species such as O. tyrtaeum, L. rubellus L. meliboeus
nd D. octaedra. Finally, this ﬁrst axis revealed soil parameters that
eﬂect an altitudinal gradient. Three groups have been identiﬁedPlease cite this article in press as: Salomé, C., et al., Earthworm communities in alluvial forests: Inﬂuence of altitude, vegetation stages
and soil parameters. Pedobiologia - Int. J. Soil Biol. (2011), doi:10.1016/j.pedobi.2011.09.012
n Fig. 3b. The ﬁrst one was characterised by soils with ﬁne tex-
ure and high Corg stocks at the subalpine and mountain levels, and
y species such as A. rosea, A. handlirshi,  O. cyaneum and A. icter-
ca. These soils (mainly fluviosols typiques) were found in mature
Fig. 2. Projection of soil layers into the soil texture triangle (USDA) according to
altitudinal levels and forest stages. Texture classes found in our soils are described
in  the ﬁgure.
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Table 3
Results of ANOVAs testing effects of altitudinal level (nested ANOVA) and forest stages (one way ANOVAs) on total biomass, abundance of earthworms and ecological
categories.
Factor tested All sites Subalpine Mountain Hill
Altitude Forest stages Forest stages Forest stages
F2,6 P F2,12 P F2,9 P F2,15 P
Total biomass 12.7 <0.01 ns ns 5.6 <0.05 ns ns
Total  abundance 4.6 0.06 4.1 <0.05 5.3 <0.05 ns ns
Epigeic biomass ns ns ns ns ns ns 4.4 <0.05
Epigeic abundance ns ns ns ns 3.5 <0.1 5.0 <0.05
Endogeic biomass ns ns 4.7 <0.05 8.7 <0.01 ns ns
Endogeic abundance ns ns 9.9 <0.01 22.6 <0.01 ns ns
Anecic biomass 18.9 <0.01 – – 3.4 <0.1 ns ns
Anecic abundance 34.9 <0.01 – – 6.6 <0.05 ns ns
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sa,b are F-values of ANOVAs, with numerator and denominator degrees of freedom.
orests and some of them showed an accumulation of holorganic
ayers at the subalpine level. Another group was characterised by
oils with coarse texture in the entire soil proﬁle (mainly fluviosols
ruts) with species such as D. octaedra, and with D. rubidus to
 lesser extent. Finally, the last group was composed by soils
ith heterogeneous texture, high alluvial dynamic index and some
ydromorphic features reﬂecting high alluvial dynamics (mainly
luviosols juveniles) where species such as A. chlorotica,  A. cali.
aliginosa,  L. terrestris, O. tyrtaeum and L. rubellus were dominant.
iscussion
arthworm communities
Biomass and abundance of earthworms have been shown to be
ery heterogeneous within and between sites. In this study, maxi-
um  biomass and density were found at the hill level. Our results
re similar to those of Schütz et al. (2008) for the same altitude
nd are lower than those reported by Zorn et al. (2005) in ﬂood-
lain soils along the Rhine River in the Netherlands (1912 ind m−2
nd 276 g m−2, respectively). At the mountain level, maximum
iomass and abundance were slightly lower than those observed
y Bullinger-Weber et al. (2007).  At the subalpine and alpine le-
els, the lack of research in similar ecosystems does not permit any
omparison with our data set. The variability of earthworm com-
unities can be favoured by a complex mosaic of habitats (Guenat
t al. 1999).
In terms of diversity, a total of 27 species and subspecies were
ound, which represents two-thirds of all inventoried species in
witzerland. This conﬁrms that ﬂoodplains are among the most
iverse terrestrial ecosystems. Our infrequent species are either
onsidered as rarities (A. cali. alternitosa,  E. andrei,  D. pygmea and
. eiseni) or conﬁned to speciﬁc regions in Switzerland (A. giardi)
nd/or generally absent in forests (A. longa) (Bouché 1972; Cuendet
997). Their presence could be due to passive dispersion from lat-
ral slopes (Eijsackers 2010). Regarding other species, these are
onsidered by Bouché (1972) as typically riparian (E. tetraedra and
. longa ripicola including green pigmented morph). Furthermore,
. moliboeus was recorded by Bouché (1972) as exclusively inhab-
ting acid soils in mountain environments. The discovery of this
pecies in carbonated soils is new and would require further inves-
igations.
Since fluviosols are very young soils originating from recent
uvial deposits (IUSS Working Group WRB  2006; Baize and GirardPlease cite this article in press as: Salomé, C., et al., Earthworm comm
and soil parameters. Pedobiologia - Int. J. Soil Biol. (2011), doi:10.1016
009), all recorded earthworm species may  be deﬁned as pioneers
or their ability to colonise new environments or as species able to
esist to perturbations. Eijsackers (2010) highlighted that succes-
ion guilds in soil fauna could not be clearly deﬁned, neither by r-Kstrategy nor by morpho-ecological categories. For some pedologi-
cal characteristics soil ecological amplitudes have to be taken into
account
Effects of altitudinal gradient and vegetation stages
The presence of earthworm species differed along the altitu-
dinal gradient. At the alpine level, no earthworm was recorded
and at the subalpine level, neither infrequent species nor anecic
species was  sampled. These results are in agreement with macro-
ecological studies that show that biodiversity of earthworms
usually decreases when altitude increases from 1250 to 2250 m
(Decaëns 2010). However, the lack of earthworm at alpine level
does not mean that earthworms were not present at this altitude.
Bouché (1972) and Cuendet (1986) found similar species (O. tyr-
taeum, D. octaedra, D. rubidus, Lumbricus sp.)  in pastures located at
higher altitudes than our alpine site. The proximity of the glacier in
La Gemmi  may  have led to unfavourable microclimatic conditions
for earthworm colonisation (very low temperatures, no vegetation
cover leading to low supply of organic matter and root networks).
We observed that the absence of anecic earthworms at subalpine
level was not due to altitude but rather to speciﬁc pedological
conditions. When prospecting for an exhaustive overview of the
potential distribution of earthworms at this altitude, we found A.
cali. nocturna in an adjacent pasture to our ﬂoodplain site.
We also showed that earthworm biomass was predominantly
higher at the hill level, because the anecic species with a large body
size were abundant. By contrast, endogeics and epigeics showed
no difference among altitude according to their biomass or abun-
dance between altitudinal levels. The lack of anecic species at the
subalpine level led to an accumulation of organic matter over the
soil surface in the most developed forest stages thus maintain-
ing favourable habitats for epigeics. Moreover, competition may
inﬂuence the presence of given ecological categories. As discussed
above, the predominance of anecics in mature forests at the moun-
tain level, where they behave as competitors for food resources
(Edwards 2004), may  restrict the establishment of epigeic earth-
worms.
Some trends in earthworm distribution were highlighted along
both altitudinal and forest stage gradients. However, when con-
sidering pedological parameters, our results demonstrated that
altitude and/or forest stages have an indirect impact that is by
changing some pedological conditions such as soil depth, accu-
mulation of organic matter and texture. These parameters areunities in alluvial forests: Inﬂuence of altitude, vegetation stages
/j.pedobi.2011.09.012
considered as the most important ones that control earthworm
distribution. As suggested by Ammer et al. (2006),  earthworm pop-
ulations are largely determined by primary factors such as soil
properties and altitude.
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Table 4
Mean biomasses (g m−2) and abundances (ind m−2) of earthworm species considered as not infrequent, according to altitudinal level and forest stages Number in brackets are standard deviations (SD).
Biomass (g m−2)
Subalpine Mountain Hill
PP I M PP I M PP I M
Dendrobaena octaedra 0.37 (0.46) 0.16 (0.10) 0.19 (0.19) 0.80 (1.27) 0.47 (0.22) 0.04 (0.07) 1.86 (1.07) 0.58 (0.98) 0.78 (1.20)
Dendrodrilus rubidus 0.60 (0.53) 0.08 (0.10) 0.15 (0.24) 0.00 (0.01) 0 0.01 (0.02) 0.14 (0.16) 0.04 (0.06) 0
Lumbricus  meliboeus 4.16 (3.67) 2.26 (3.07) 0.48 (0.60) 0 0 0 0 0 0
Lumbricus  rubellus 3.99 (4.75) 2.92 (4.77) 6.92 (8.56) 3.56 (2.04) 1.29 (0.95) 0.85 (1.43) 10.75 (13.39) 3.12 (4.55) 0.78 (0.96)
Aporrectodea caliginosa nocturna 0 0 0 0.04 (0.10) 0.41 (0.39) 13.95 (12.27) 35.01 (23.36) 58.80 (26.90) 52.21 (34.64)
Lumbricus  terrestris 0 0 0 9.57 (10.21) 2.77 (2.82) 12.10 (6.20) 3.51 (5.14) 5.04 (5.96) 15.61 (20.56)
Allolobophora chlorotica chlorotica 0 0 0 0.02 (0.03) 0.41 (0.71) 0 (0.01) 2.81 (6.65) 0 0
Aporrectodea caliginosa caliginosa 2.51 (2.64) 0.03 (0.04) 0 0.83 (1.12) 0.21 (0.22) 1.32 (2.26) 6.47 (6.53) 2.74 (2.90) 0.65 (0.69)
Aporrectodea handlirschi handlirschi 0.02 (0.03) 0.16 (0.39) 3.06 (1.29) 0 0 0 0.06 (0.14) 0 0
Aporrectodea icterica icterica 0 0 0 0 0 3.88 (3.39) 0 1.37 (1.72) 3.20 (5.28)
Aporrectodea rosea rosea 0 0.00 (0.01) 2.11 (3.84) 0.17 (0.33) 3.50 (3.92) 5.33 (2.86) 1.81 (2.81) 4.20 (4.36) 2.82 (3.07)
Octolasion  cyaneum 0 0 1.83 (3.07) 0 0 2.83 (5.65) 0 0 0
Octolasion  tyrtaeum 13.77 (5.94) 3.84 (6.42) 5.57 (6.74) 2.46 (1.98) 11.45 (4.33) 4.67 (4.19) 4.74 (3.62) 1.38 (3.32) 2.22 (4.74)
Abundance (ind. m−2)
Subalpine Mountain Hill
PP I M PP I M PP I M
Dendrobaena octaedra 3.56 (3.73) 2.28 (1.68) 3.08 (3.41) 17.23 (24.45) 8.94 (4.72) 0.46 (0.92) 27.92 (15.62) 11.92 (19.37) 14.22 (19.21)
Dendrodrilus rubidus 9.78 (9.17) 1.11 (1.81) 2.19 (3.65) 0.10 (0.15) 0 0.08 (0.17) 3.81 (4.37) 1.22 (2.08) 0
Lumbricus  meliboeus 16.17 (12.35) 6.67 (7.94) 1.31 (1.24) 0 0 0 0 0 0
Lumbricus  rubellus 16.56 (19.06) 7.92 (12.29) 24.42 (35.53) 7.80 (4.95) 2.78 (1.75) 2.17 (3.70) 40.86 (51.23) 9.22 (11.92) 2.33 (2.98)
Aporrectodea caliginosa nocturna 0 0 0 0.03 (0.07) 0.56 (0.69) 21.50 (23.89) 78.78 (60.93) 106.9 (58.01) 75.42 (51.85)
Lumbricus  terrestris 0 0 0 6.33 (5.98) 1.50 (1.80) 11.63 (6.10) 3.83 (5.14) 7.86 (9.55) 16.58 (22.02)
Allolobophora chlorotica chlorotica 0 0 0 0.07 (0.09) 3.33 (5.77) 0.04 (0.08) 27.19 (64.51) 0 0
Aporrectodea caliginosa caliginosa 17.06 (22.62) 0.06 (0.09) 0 4.50 (5.76) 0.83 (0.73) 4.92 (8.52) 57.31 (59.13) 35.19 (40.06) 6.39 (7.60)
Aporrectodea handlirschi handlirschi 0.17 (0.29) 0.78 (1.82) 22.89 (9.39) 0 0 0 0.69 (1.70) 0 0
Aporrectodea icterica icterica 0 0 0 0 0 11.21 (11.20) 0 6.64 (7.72) 7.72 (13.15)
Aporrectodea rosea rosea 0 0.03 (0.07) 12.89 (21.52) 0.90 (1.92) 19.72 (20.63) 35.17 (21.28) 14.83 (26.86) 50.97 (60.70) 22.78 (29.24)
Octolasion  cyaneum 0 0 2.50 (3.28) 0 0 2.17 (4.33) 0 0 0
Octolasion  tyrtaeum 66.06 (10.91) 8.61 (13.52) 16.22 (18.90) 14.10 (10.06) 67.28 (44.38) 19.29 (20.20) 29.56 (28.70) 13.39 (32.39) 8.78 (17.73)
Octalasion tyrtaeum corresponds to the two morphs O. tyrtaeum lacteum and O. tyrtaeum tyrtaeum, and Dendrodrilus rubidus corresponds to the two  morphs D. subrubicundus and D. rubidus rubidus according to Sims and Gerard
(1999).  Aporectodea caliginosa nocturna and Aporectodea caliginosa caliginosa were kept separately because of their different ecological behaviour (Sims and Gerard 1999).
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Fig. 3. Triplots of the RDA in scaling 3 with the species densities Hellinger-transformed matrix. The sampling plots were projected according to their soil types and their
altitudinal level. (a) Projection axis 1-2 and (b) projection axis 2-3. LS, SL and SiL are respectively loamy sand, sandy loam, and silt loam; Indal is the alluvial dynamic index; Holo,
thickness of holorganic layers; Redox, hydromorphic features; Forest I, II and III, respectively, post-pioneer, intermediate and mature forests. L.mol, Lumbricus meliboeus; D.rub,
D a calig
A um; A
c
S
t
sendrodrilus rubidus; D.oct, Dendrobaena octaedra; A.cali.cali, Aporrectodea caliginos
.ros,  Aporrectodea rosea; A.chlor, Aporrectodea chlorotica;  O.cya, Octolasion cyane
aliginosa nocturna.
oil characteristics and earthworm communitiesPlease cite this article in press as: Salomé, C., et al., Earthworm comm
and soil parameters. Pedobiologia - Int. J. Soil Biol. (2011), doi:10.1016
Soil depth is one of the most important factors explaining
he distribution of earthworm communities especially for anecic
pecies (Bouché 1972; Phillipson et al. 1976; Guenat et al. 1999).inosa;  O.tyrt, Octolasion tyrtaeum (the two subspecies); A.ict, Aporrectodea icterica;
.hand, Aporrectodea handlirshi;  L.ter, Lumbricus terrestris; A.cali.noct, Aporrectodea
In alluvial forests, the soil depth is mainly determined by ﬂuvialunities in alluvial forests: Inﬂuence of altitude, vegetation stages
/j.pedobi.2011.09.012
dynamics (alluvial index and altitude) leading to erosion and sed-
imentation processes. In fact, Burrin and Jones (1991) found thick-
ening the alluvial deposits from the river source to its mouth due to
an increase in sedimentation and a decrease in erosion processes.
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oreover, in a mature vegetation stage, Amoros and Wade (1996)
bserved a rise in the soil surface compared to the river bed. This
oil depth variation explains why anecic species (in particular A.
ali. nocturna and L. terrestris) were found both at hill and mountain
evels, with L. terrestris only observed in soils under mature forests.
Other factors, such as soil texture and organic matter content,
nﬂuence the distribution of earthworm communities. However,
istinguishing the effect of ﬁne texture from Corg content is difﬁcult
ecause of the strong relationship between these two  parameters,
articularly in old alluvial terraces (Guenat et al. 2003). Soil tex-
ure had a major effect on epigeics, which were more associated
ith coarse sandy texture while anecics (especially A. cali. nocturna)
referred mature stages with the ﬁnest texture (Bullinger-Weber
t al. 2007). Some of our soils had a sandy texture. This abrasive
aterial, associated with low organic matter content alongside low
ater retention, is known to be unfavourable to earthworm coloni-
ation (Lee 1985). As a consequence, these soils under different
orest stages were dominated by epigeic species, such as D. octaedra
nd to a lesser extent D. rubidus that strictly feed on surface litter.
omogeneous loamy to silty loamy textures with high Corg stocks
ere mostly found in mature forest stages and are frequent were
he three sites. At the subalpine level, these conditions favoured
he settlement of endogeic species as A. rosea and A. handlirshi,
nd to a lesser extent, O. cyaneum. At the mountain and hill levels,
he same species plus A. icterica were present in these fluviosols
ypiques. Nordström and Rundgren (1974) already reported a cor-
elation between Corg and the presence of A. rosea, but our results
uggested that this relationship is also of relevance for the above
entioned endogeic species. Thus, in alluvial forests these endogeic
pecies could be indicators of soil stabilisation (i.e. maturation).
On the contrary, fluviosols juveniles that are frequently
ubjected to alluvial dynamics (ﬂooding events and alluvium depo-
itions), were inhabited by species such as L. moliboeus,  L. rubellus,
. octaedra, A. cali. caliginosa and O. tyrtaeum. All these species have
een recorded as inhabitants of frequently ﬂooded soils (Ausden
t al. 2001; Beylich and Graefe 2002; Plum and Filser 2005; Zorn
t al. 2005; Ivask et al. 2007) or as the ﬁrst earthworm colonisers
Eijsackers et al. 2009).
Beside soil depth, organic matter and texture, strong hydromor-
hic conditions were occasionally observed. At the subalpine level,
pecies such as O. tyrtaeum (especially O. t. tyrtaeum), L. moliboeus,
. rubellus and D. rubidus were dominant proving their ability to
olerate such pedological conditions even in the upper soil hori-
ons. However, these hydromorphic features were only observed
n some alluvial soils that are also subjected to slope water ﬂows. At
he hill level, hydromorphic features were also present in one soil in
hich A. chlorotica (including green morph) and A. cali. caliginosa
ere numerous. Some of these species found in these particular
oils are known to resist to water saturation as shown by Zorn et al.
2008). However, supplementary data acquisition in hydromorphic
oils is necessary to support those statements.
onclusion
Along altitudinal and forest succession gradients in alluvial soils,
arthworm communities are mainly dependent on soil parameters,
hen on altitude and ﬁnally, and to a lesser extent, on forest succes-
ional stage. Soil parameters highly overlap with the two gradients
tudied (altitude and forest stage). The complexity of the ﬂoodplain
ystem and the mosaic of habitats created by ﬂuvial dynamics leadPlease cite this article in press as: Salomé, C., et al., Earthworm comm
and soil parameters. Pedobiologia - Int. J. Soil Biol. (2011), doi:10.1016
o a high diversity of earthworms in terms of species composition,
iomass and abundance in such conﬁned areas. We  demonstrated
hat changes in earthworm communities tend to reﬂect a gradient
n alluvial dynamics. This conclusion reinforces the potential role of PRESS
ia xxx (2011) xxx–xxx 9
earthworms as bioindicators in natural and/or semi natural alluvial
ecosystems at different altitudes.
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